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Introduction 
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1.1 Porous materials and gas adsorption  
1.1.1 Role of porous materials  
With the porous character, porous solids have long been widely used in many fields, 
especially those involved in catalysis and selective separation.
[1~6]
 They have a large 
impact on domestic life and industrial processes. 
Classical porous materials are primarily inorganic porous compounds, such as 
activated carbons and zeolites, both of which are widely used in industrial processes and 
daily lives. Activated carbons in essence are twisted networks of defective hexagonal 
carbon layers, cross-linked by aliphatic bridging groups. They have a high porosity and 
high specific surface area, but their structures are disordered.
[7]
 Zeolites are frameworks 
built from corner-sharing TO4 tetrahedra (T = Al, Si) of hydrated alkaline or alkaline 
earth aluminosilicates with the general formula M
n+
x/n[(AlO2)x(SiO2)y]x・wH2O (M = 
metal).
 [8]
 They have highly regular channels or cavities of low porosity, often used as 
molecular sieve in gas separation and catalytic operations.  
Recently, porous materials such as Metal-Organic frameworks (MOFs) and  
Covalent-Organic frameworks (COFs) 
[9~18] 
are becoming new classes in the family of 
porous materials.
 
Particularly, in the case of MOFs, they are attracting considerable 
attention among chemists, physicists, and materialists as well as commercial interest in 
their application in storage, separation, and heterogeneous catalysis.
[19~21]
 Owing to the 
increasingly rational approaches for the synthesis, MOFs can combine all the desired 
possibilities of the classical porous solids and have potentially unlimited pore sizes and 
surface areas. The dynamic property of them creates new functions.
[22,23]
 Further more, 
similar to what happened in the field of nanocarbons, utilization of the uniform 
nanospace of MOFs as nanoreactors and nanomoulds 
[24~26]
 is becoming fascinating too, 
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which may provide advanced functional properties in applied physics. These merits 
have led to a great surge in the research of MOFs.  
1.1.2 Gas adsorption   
Generally speaking, most of the applications of porous materials are related with 
adsorption phenomena. Adsorption is an equilibrium phenomenon that causes 
enrichment of one or more components in an interfacial layer. Adsorbent is termed for a 
solid material on which adsorption occurs. Adsorbate is termed for the substance 
actually adsorbed by the solid. Adsorptive is used for a substance in fluid phase, which 
is capable of being adsorbed. 
Although adsorption can occur in an interface of solid-gas, solid-liquid, or even 
liquid-liquid, we concern adsorption in a gas-solid interface primarily based on two 
reasons: 1) Technological solutions for the crucial environmental problems caused by 
the use of fossil fuels are closely related with proper utilization or dealing with gases 
such as H2, CH4, CO2. The relevant technologies largely rely on the development of 
advanced functional materials. Porous materials, especially advanced adsorbents with 
highly improved properties, such as MOFs, are promising alternatives in solving these 
problems. In addition, separation processes in petrochemistry have a large demand on 
high efficient adsorbents. 2) Adsorption involving gas-solid phase has been extensively 
studied for a very long time. Gas adsorption is relatively simple, compared with 
adsorption involving liquid phase. 
Gas adsorption process is strongly dependent on pore size, topology, and gas-surface 
interactions. Adsorption of gas molecules onto solid surfaces (i.e. an adsorbent) is 
essential in determining the properties of porous compounds. 
Pore size is important to the function of a porous material. Porous materials are 
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classified by pore size according to the International Union of Pure and Applied 
Chemistry (IUPAC), as shown in table 1.1.
 [27]
 Adsorption in macropores is similar to 
adsorption behavior on open surfaces; adsorption in mesopores is characterized by 
capillary condensation, resulting in a hysteretic loop typically appearing in the 
mid-relative-pressure region. MOFs usually have micropores and are sometimes called 
nanoporous MOFs. Micropores exhibit enhanced adsorption due to the increased 
energetics of the void space associated with overlapping of the potential field of the 
pore walls. Porous materials may have either exclusively one pore size or a distribution 
of pore widths, as in MOFs or in activated carbons, respectively. Uniform pores of a 
microporous solid are important for adsorption phenomena, because when the size of 
the micropores is comparable to that of a guest molecule, the periodic potential from the 
pore walls could influence the form and orientation of the adsorbed guest molecules. A 
MOF with micropores have a regular periodical structure due to its crystalline form, 
which affords a periodic potential on the surface of their pores. On the other hand, the 
existence of a distribution of pore size often results in unnecessary pores for the 
required porous functions, leading to poor storage or separation capacity for a specific 
adsorptive. 
 
Table 1.1 The classification of pores  
Macropore w > 50
Mesopore 2 < w < 50
Supermicropore 0.7 < w < 2
Micropore   Ultramicropore w < 0.7
Term                                Pore size (nm)
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As to the pore shape, it also influences adsorption.
[28] 
The most observed pore shapes 
in zeolites and activated carbons are spherical or slit-shaped. In contrast, MOFs 
incorporate pores with crystallographically well-defined shapes including square, 
rectangular and triangular, which may exhibit different adsorption properties.
 [29]
 
An adsorption process can be reflected by adsorption isotherm, which shows the 
relationship between the amount of gas adsorbed and the pressure or relative pressure at 
a constant temperature. Expressions of an adsorption isotherm are explained as follows. 
In general, the quantity of gas taken up by an adsorbent is proportion to the mass of the 
solid and depends on the measuring pressure, temperature, nature of the fluid and the 
solid. Thus, the adsorption amount n can be expressed as in moles per gram of solid 
(mol g
-1
), or in mass or volume per gram of solid (usually mg g
-1 
or cm
3 
(STP) g
-1
), 
    )solid,fulid,T,P(fn =        (1.2.1) 
For a given gas adsorbed on a particular solid maintained at a fixed temperature T, the 
equation can simply to  
solid,gas,T)P(fn =              (1.2.2) 
When the temperature is below the critical temperature, the equation is given by 
using saturate vapor pressure P0. Correspondently, P/P0 refers to relative pressure. 
solid,gas,T)P/P(fn 0=          (1.2.3) 
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Figure 1.1 Types of adsorption isotherms 
 
Figure 1.1 shows a diagrammatic representation of isotherm classification.
[27] 
There 
are six types of traditional gas adsorption isotherms: Type I is typical of predominantly 
microporous adsorbents, with majority of the uptake below P/P0 = 0.1. Type II typifies 
physical adsorption of gases by non-porous or mixed meso/macro-porous solids, with 
multilayering at high relative pressures. Type III is characteristic of weak 
adsorbate-adsorbent interactions and most commonly associated with both non- and 
microporous adsorbents. Type IV shows hysteretic adsorption, commonly associated 
with mesoporosity, where capillary condensation gives rise to a hysteresis loop. Type V 
is characteristic of weak adsorbate-adsorbent interactions and indicative of microporous 
or mesoporous solids. Type VI introduced primarily as a hypothetical isotherm, the 
shape is due to the complete formation of monomolecular layers before progression to a 
subsequent layer. These above six types of adsorption isotherms are based on the 
assumption that porous structures are not altered during adsorption process. If a porous 
solid has a flexible and dynamic property during adsorption, it is possible to show a 
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isotherm different from the conventional types. This will be introduced in section 1.2.4. 
Parameters widely accepted for the characterization of a porous structure include 
porosity and surface area, which can largely reflect the adsorption ability of an 
adsorbent. As to the porosity, except for the crystallographic evidence, the presence of 
porosity of a porous material should be proved through gas adsorption, because in some 
cases, solids showing no open porosity from crystallographic data exhibit gas 
adsorption phenomena. These parameters can be obtained through analyses of gas 
adsorption/desorption isotherms, usually N2 adsorption isotherms at 77 K. The pore 
volume of microporous structure can be determined from αs analysis or DR equation. 
The surface area can be obtained through BET method.
 [30] 
 
 
In general, the analytic methods or parameters established from traditional porous 
materials can also apply to the characterization of MOFs. But there are some exceptions. 
For instance, most porous materials obey Gurvitsch’s rule, which suggests that the 
adsorbate condenses within the porous structure having a density close to the bulk liquid 
density of the adsorbate 
[28, 31].
 The rule is generally valid with minor discrepancies 
usually from small differences in the adsorption interactions.
[32]
 But, it was observed 
that Ni2(4,4’-bpy)3(NO)4 does not obey the rule for ethanol adsorption, although it has 
uniform porosity.
[33] 
Besides, traditionally parameters sometimes could not 
appropriately reflect the true adsorption capacity of MOFs, especially for those showing 
dynamic transitions on gas adsorption. Also, it is often hard to compare the adsorption 
capacity of different materials, which use different adsorbates, measuring temperatures 
and pressures. In short, due to a relatively short history and very dispersed research, 
characterizations of the new class need to be systematically established. 
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1.2 Characteristics of flexible porous MOFs 
1.2.1 Structural components of MOFs 
Although metal-organic frameworks (MOFs) are also termed coordination polymers 
(PCPs) or organic-inorganic hybrid complexes depending on the preference of different 
authors, metal-organic framework best implies the inherent attributes 
[34]
:
 
components in 
the synthesis and geometrically well-defined structure. Herein, MOF is used throughout 
the thesis.      
It has been pointed out 
[21]
 that it is impossible to synthesize compounds containing 
vacant spaces, as nature abhors a vacuum. Hence, the pores will always initially be 
filled with some sort of guest or templating molecules.
 
Despite solvent-free method for 
synthesizing MOF was reported, 
[35] 
the predominant and mature synthetic methods for 
MOFs are solvent-involved. Due to the inclusion of solvent during synthesis, an 
as-synthesized material with an open-framework structure is generally composed of a 
skeleton and solvent. 
The skeleton of a MOF consists of metal ions, bridging ligands and counter anions. 
Metal cations work as versatile connectors in the construction of a framework. They can 
give various geometries, depending on the metal, its oxidation state, and the 
coordination number. MOFs can accept almost all the transition metal cations, at least 
those are di-, tri- (including rare earth) or tetravalent.
[26] Polynuclear clusters constructed 
from two or more metal ions and carboxylate units (so-called secondary building units) 
can have special coordination numbers and geometries.
 [36]
 On the other hand, organic 
ligands function as linkers, which can be associated with the inorganic parts usually 
through O or N donors. Typical O donor ligands are di-, tri-, tera-, and hexacarboxylate 
molecules. Typical N donor ligands are 4,4’-bpy and its derivatives. The large choice of 
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organic linkers affords a wide variety of linking sites with tunable binding strength and 
directionality. The pore size and properties can be tuned through a suitable choice of 
ligands. In addition to metal and ligand, charge is also an important factor in the rational 
construction of functional structures. Because most transition metal ions exist with a 
positive charge in the framework, an anionic source must be included to neutralize the 
overall charge. For example, many organic N-containing heterocyclic ligands are 
neutral and, therefore, counter anions are included in the crystals. Frequently used 
anionic sources are inorganic anions, such as ClO4
−, BF4
−, NO3
−, NCS−, PF6
−, NO2
−, 
SiF6
2−, CN−, CF3SO3
−, SO4
2−, N3−, and halides, which are introduced together with metal 
ions from the corresponding metal, sodium, and potassium salts. An important 
characteristic of inorganic anions is their ability to act as hydrogen-bond acceptor sites 
through their O or F atoms.
 [37]
  
Many solvents have been used not only as reaction medium, but also as template for 
regulating the framework topology of the crystal structures of MOFs. In particular, in 
the case of porous MOFs, solvent molecules are extensively contained in their 
micropores. Generally, such solvents are called “guest molecules”. As frequently used 
solvents have low boiling points, these species are easily removed from microspores 
through vacuum treatment, giving rise to vacant spaces, where the original solvent or 
other guest molecules can then be adsorbed. A porous material must retain its structural 
integrity during adsorption and desorption of guest species. Thermo-gravimetric method 
is a most common method to determine the temperature at which guest species are lost 
and the temperature at which the evacuated structure becomes unstable and ultimately 
decomposes. The guest species need to be sufficiently volatile or exchangeable to 
permit either the generation of a truly porous material or other molecules to occupy the 
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pore structure. 
Although the term “guest molecules” refer mostly to the included solvent molecules 
during synthesis, it is also frequently used in a wide sense. For example, the introduced 
anions are referred as guest molecules, when anion exchange processes are concerned. 
In addition, adsorbates are often called guest molecules as to a solvent-removed host 
structure. These guest molecules are important in determining the nature of a porous 
structure. Besides, in some particular cases, the adsorptivity of a MOF needs to be 
created through removing coordinated molecules, which are useless for a specific gas 
adsorption, like those included solvent molecules. These molecules are also referred as 
guest molecules in the thesis. 
1.2.2 Classifications of MOFs 
1.2.2.1 Dimensionality - 0D, 1D, 2D, 3D 
Dimensionality is an important criterion to classify a large number of MOFs with 
different structures. Regarding topological aspect, the inorganic subnetwork may be 
described as clusters (0-dimension), chains (1-dimension), layers (2-dimension) or 
3-dimension. The representative structures of different dimensionalities are shown in 
Figure 1.2.
 [26]
 The typical zero-dimensional (0D) material is a discrete complex.
 [38,39]
 
The one-dimensional (1D) material in the form of chains
 [40~44]
 and the two-dimensional 
(2D) square-grid sheet 
[45~48]
 are often observed types. Three-dimensional (3D) 
structures can have jangle-gym type or others. 
[49, 50] 
Pore structures can be classified 
according to the spatial dimensionality, as illustrated in Figure 1.3.
 [21]
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       Figure 1.2 Examples of MOFs with various dimensionalities: MOF-5, MIL-53,
 
MIL-71, and MIL-73. 
 
 
Figure 1.3 Classes of porous structure based on spatial dimensions.  
 
Zero-dimensional pores are cavities completely isolated from each other. Such 
systems are generated when windows are small compared with the dimension of guest 
molecules or do not exit, preventing communication between them via transport of 
a) Dots (0D cavity) b) Channels (1D space) 
c) Layers (2D space) d) Intersecting channels (3D space) 
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guest molecules. A pore structure of this case is very rare. Such systems actually have 
no porous function. One-dimensional channel is common, many example have been 
reported.
[51~54] 
These channels are often important in conferring flexibility on their 
porosity. Two-dimensional porosity refers to the space between layers, which could 
theoretically provide space for the incorporation of guests. However, open porosity in 
such materials is rare, as 2D sheets tend to form dense stacking structure. These systems 
also show very rich guest exchange.
[55]
 Three-dimensional porosity often refers to 
intersecting 1D channels in three dimensions. This kind of pore is also practically rare, 
due to the requirement for a guest-free structure to be robust like zeolite.
[9]
 Another case 
can be found when layers are pillared, affording pseudo-three dimensional porosity in 
which one of the channel dimensions is considerably greater than the other two. 
1.2.2.2 Rigid and flexible  
Another important classification divides them into two categories: rigid and flexible 
MOFs. This classification largely depends on the strength of chemical bonds or 
interactions involved in the construction of the frameworks. The covalent bonds and 
ionic bonds are strong bonding, which lead to rigid structures like zeolites. On the other 
hand, incorporation of relatively weak interactions such as hydrogen bond, π-π 
interaction, (C-H)-π interaction, and van der Waals forces can introduce flexibility in 
the structures. These weak interactions often exist between one-dimensional or 
two-dimensional rigid frameworks. The strength of coordinative bonds is usually 
between the two groups, but mostly viewed as strong interactions.  
As suggested by Kitagawa, porous MOFs can be classified in three generations, as 
illustrated in Figure 1.4.
 [21] 
The first generation is about frameworks that are sustained 
only with guest molecules and collapse on the removal of them, most of the time 
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irreversibly. The second generation corresponds to stable and robust porous frameworks, 
which exhibit permanent porosity without any guest in the pores. This generation, to a 
large extent, is similar to traditional porous materials. The last category refers to flexible 
frameworks, which change their structures often reversibly in similar processes. They 
are expected to respond to external stimuli such as temperature, pressure, guests, light, 
electric or magnetic field. Structural flexibility, which is characteristic of the so-called 
the third generation of MOFs, distinguishes them from traditional porous materials. 
Dynamic structural transformation based on the flexible frameworks is one of the most 
interesting phenomena in MOFs.  
 
 
       Figure 1.4 Three generations of porous MOFs. 
 
1.2.2.3 Single crystal and powder 
In general, the synthesis of a MOF is a crystallization process; MOFs may form 
single crystals depending on the growth condition. Therefore, there are two possible 
physical forms for a same framework: single crystal or polycrystalline (powder). 
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Whether a single crystal is available or not largely determines the characterization 
methods and thus the level of understanding about a structure or a relevant structural 
change.  
1.2.3 Structural flexibility  
An anticipated property of flexible porous MOFs is their ability to transform 
crystallographically in response to a variety of physical stimuli, including light, 
magnetic and electric fields as well as heat. Although these properties have yet to be 
reported, dynamic structural properties induced by guest exchange or by 
guest-inclusion/adsorption have been reflected in the changes of unit cell parameters or 
in the novel adsorption isotherms. Guest-induced structural distortion phenomena can 
vary from crystal-to-amorphous to crystal-to-crystal. A lot of interest has been paid on 
reversible dynamic structural change induced by guest molecules.  
Crystal transformation induced by guest exchange usually occurs in two cases: 
exchange of counter anion or exchange of neutral solvent molecules. There have been a 
number of reports on this topic.
[56~60] 
The first example about reversible anion exchange 
accompanying a structural transformation is about the exchange of NO3
 
for PF6 ions of 
Ag(NO3)(4,4’-bpy)]n through addition of a slight excess of NaPF6 to a suspension of 
this crystalline.
[58]
 The mechanism of these anion exchange processes has not yet fully 
understood; it is possibly through a solid-state or a solvent-mediated process. In the 
latter case, for instance, it was reported that a 3D network with honeycomb like 
channels is transformed to a 3D diamond network when exposed to chloroform 
vapor.
[59]
  
Reported reversible structural transformations induced by inclusion of guest 
molecules cover systems using hydrophilic and hydrophobic guest molecules, including 
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water, alcohols, ketones, ethers, aromatic and aliphatic molecules, where exposure is via 
either the liquid or vapor phase. Supercritical gases such as methane, nitrogen, and 
oxygen may also cause structural transformation.
[23]
 Many recent reports on the 
dynamic properties on porous coordination polymers revealed that they are much more 
flexible than generally believed. This point is well illustrated by MIL-53 or MIL-88 
structures. Depending on the structure itself, the input is associated with either an 
expansion or a contraction of the cell volume.
 [26]
 
 
 
 
 
Figure 1.5 Six classes of dynamic frameworks. 
 
 
Flexibility can be reflected in the inorganic subnetwork with different dimensionality, 
shown in Figure 1.5.
 [26]
 In the first case of 2D class (Fig.1.5, c, d), the manner in which 
the layers stack (superimposed or shifted) is strongly dependent on the nature of the 
guest and the weak interactions they have with the layers. In the second case (Fig.1.5, e, 
f), the interdigitated layers are superimposed to form 1D channels. In the 3D case about 
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pillared layers, non-rigid pillars can cause reversible elongation and shortening of them 
(Fig.1.5, g, h). In another 3D case (Fig.1.5, i, j), the frameworks act as sponge while 
keeping the same topology. The drastic volume change is associated with exclusion or 
the inclusion of guests. Finally, in the last 3D case (Fig.1.5, k, l), the interpenetrated 
grids are densely packed in the absence of guests and the introduction of molecules 
generates a sliding of one network. Mechanisms such as stretching, rotational, 
‘breathing’ and scissoring are proposed for explaining these structural transformations. 
Relating with these mechanisms different effects are expected in the structures. 
Structural reasons for explaining these behaviors involve two types of situations
[26]
: 
(i) the host–guest interactions (hydrogen bonds, VDW forces, or π-πinteractions); (ii) 
the existence of the intrinsic flexibility of the framework itself, induced by the existence 
of ‘weak points’ within the skeleton, which allow the deformation of the network under 
the action of the stimulus. Even for frameworks woven three-dimensionally by 
coordination bonds, a sort of flexibility could be created because a MOF is an assembly 
of versatile metal-ion connectors and flexible organic ligand linkers. For Cu(II) ion, a 
flexible coordination geometry is found at the apical positions as a result of the 
Jahn-Teller effect. In the case of a linking ligand, the flexibility can be found in the ring 
rotation around the C-C bond of dipyridyl or an sp
3
-hybridized ethylene group. A linear 
coordination of ligands to metal ions enables the ligands to rotate freely if there is no 
steric hindrance.
[21] 
 
1.2.4 Novel adsorption behaviors   
It has been understood that adsorption mechanism relates with shape and size of 
nanopores.
 
Since MOFs have uniform micropores, their adsorption isotherms should 
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primarily show Type I. This is true for MOFs with rigid structures in most cases. 
However, dynamic structural transformation based on flexible frameworks leads to 
novel porous functions, which are reflected particularly in the stepwise adsorption 
isotherms.
[61~67] 
Several examples about the novel adsorption behavior are given in 
Figure 1.6 ~ Figure 1.9, which show adsorption isotherms very different from what 
classified by the IUPAC, as illustrated in section 1.1.2.  
The methanol adsorption isotherm of {[Cu2(pzdc)2(dpyg)]・8H2O}n indicates that 
porous frameworks undergo a structure transformation from nonporous to porous as 
shown in Figure 1.6.
[62]
 Point A and point C indicate the gate-opening pressure and 
gate-closing pressure, which correspond to the start and end of the structure 
transformation respectively. Figure 1.7
[63]
 gives an example of [Cu(4,4’-bipy)(dhbc)2]・
8H2O about the adsorption on supercritical gases, which show rarely observed sudden 
increases in the uptake and large hysteresis loops too.
 
Figure 1.8 
[64]
 shows a 2-step 
adsorption isotherm on {[Cu(bpy)2(OTf)2]. In Figure 1.9,
 [65] the adsorption isotherm of 
[Cd2(pzdc)2L]n looks like the hypothetical type VI, but in this MOF, it shows a large 
hysteresis, which is not expected in the type VI. 
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Figure 1.6 Methanol adsorption (filled circles) and desorption (open circles) isotherms 
on {[Cu2(pzdc)2(dpyg)]・8H2O}n at 298 K. The isotherm shows a sudden rise at 
point A and attains a saturated level at point B; the desorption branch does not trace 
the adsorption one, showing an abrupt drop at point C. 
 
 
 
Figure 1.7 Adsorption (filled circles) and desorption (open circles) isotherms on 
[Cu(4,4’-bipy)(dhbc)2]・8H2O at 298K about various supercritical gases. 
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Figure 1.8 N2 sorption isotherms at 77 K on {[Cu(bpy)2(OTf)2]. Solid and open 
symbols denote adsorption and desorption, respectively.  
 
 
 
Figure 1.9 Isotherms of water vapor adsorption (●) and desorption (O)  
on [Cd2(pzdc)2L]n at 298 K.
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All these adsorption isotherms are characteristic of sudden increase in adsorption 
amount and presence of large hysteresis loop. Owing to dynamic frameworks based on 
relatively weak interactions, such as coordinative bonds, hydrogen bonds, π -π
interactions, or van der Waals forces, these frameworks rearrange the structures from a 
“closed” state to a “open” state, in response to a specific loading of guest molecules. 
Due to this novel property on gas adsorption, they could be developed into a unique 
class of materials for highly selective gas sensoring or gas separation, which could not 
be realized by a rigid porous material. 
A bistablily of the structure has been proposed to explain the guest-induced dynamic 
structure change. However, for a deep understanding of these adsorption behaviors, the 
structural relationships between adsorbed guest molecules and the host frameworks are 
essential, such as the position of guest molecules in the nanopore, the assembled 
structure of guest molecules in the channel/cavity, and the influence of guest molecules 
on the channel/cavity structure. Bradshaw et.al.
[68] 
provided a successful example on 
explaining the guest- introduced transformation at a atomic level. But up to now, fruitful 
studies in this respect are still very limited and remain challenges for researchers. 
1.2.5 Functional control 
With the booming in the research of MOFs, numerous MOFs were successfully 
synthesized and characterized. As a result, the approaches for a rational synthesis have 
nearly reached a mature level. The potential applications of many of them have also 
been indicated. But when it refers to the application, there is still a long way to go. 
Obstacles such as the requirement for storage at near-ambient temperatures with large 
amounts and the need for storage at much lower and safer pressures are far to be 
reached. Therefore, a next challenge in this field is to control the functional aspect of 
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them.   
For traditional porous materials, the control and fine-tuning of the structures are 
usually not easy by direct synthetic methods. However, by the virtue of a most striking 
feature of MOFs - the designability, the chemical functionality of the surface and pore 
size is in principle tunable for dedicated applications, through a suitable choice of 
construction components of a framework. Employing ligands with a variety of lengths 
and functionalities has been proved to be a successful way to systematically control the 
channel dimensions, pore size and the surface functions. Modification of pillared layer 
complexes through choosing N-containing ligands of a series gives a good example here, 
{[Cu2(pzdc)2L]・nH2O}n (L = pyz, bpy, pia).[69] Also, by varying metal ions of 
[M(bpy)2(OTf)2] (M = Cu, Co), the adsorption properties can be influenced.
[70] 
In 
addition, the generation of unsaturated metal centers by the desorption of coordinated 
guest species has also received much attention recently; such sites promise very specific 
control over host-guest processes and have been recognized to have potential 
importance in gas storage/separation.
[71,72] 
It has also been reported that adsorptivity of a 
MOF can be altered through anion exchange.
[73] 
Besides, creation of separated channels 
with hydrophilic and hydrophobic surfaces within one framework was reported. 
[72]
  
Specifically, as far as flexible MOFs are concerned, although the connectivity and the 
topology are controlled by the coordination preference of metal and ligand, guest 
molecules can influence the frameworks through guest-host interaction via structural 
flexibility and introduce novel adsorption phenomena, as illustrated in section 1.2.4. An 
interesting example revealed that slight structural change owing to the presence of guest 
molecules invokes a vapochromic change of the framework of [Pt(Nttpy)Cl](PF6)2,
[74]
 
showing that even slight structural change can largely influences the property of a 
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framework. Therefore, it could be figured that guest molecules can influences a host 
structure through guest-host interaction and resultantly the related functions. However, 
this has been rarely studied. 
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2.1 Introduction  
Recently, metal organic framework (MOF) materials are attracting considerable 
attention due to their designability, regularity, and flexibility. Many studies have shown 
that MOF materials are suitable for applications in gas storage and gas separation/ 
recovery.
[1-3]
 MOFs are required for the removal of guest species occupying the pores in 
order to utilize the space occupied for gas adsorption. The original solvent used during 
synthesis or other guest molecules can then be incorporated into the MOF structure. In 
majority of flexible MOFs, structural change is often associated with these desolvation 
and guest-inclusion processes. Since water is often detrimental to many industrial 
adsorption processes and act as a solvent and direct ligand in many MOFs, the manner in 
which structural changes on the inclusion of guest molecules, particularly water 
molecules, is of importance academically and practically. Unfortunately, the structure of 
some zinc-based rigid MOFs such as MOF-5 (IRMOF-1) and MOF177, both of which 
were observed to be robust structures with good H2 storage property exhibited 
decomposition on exposure to water during synthesis or after evacuation. 
[4-6]
 For 
example, by calculations, it was predicted that MOF-5 would lose its structural stability 
in the presence of more than 4 wt% of water,
[7]
 and by experiments, it was confirmed 
that MOF-5 decomposed in humid air, which resulted in a loss of its adsorptivity to 
either N2 or H2.
 [6] 
Therefore, it is desirable to have an MOF structure that is stable on 
exposure to water.  
 Although there are some flexible structures that show reversible dehydration when 
exposed to air after evacuation,
 [8-11]
 few reports exist on the effect of water exposure and 
the consequent adsorptivity on these structures, particularly for those structures whose 
water molecules are directly in contact with metal centers. Latent porous Cu-complex 
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{[Cu(bpy)(H2O)2(BF4)2](bpy)},
 [12-13] 
referred to as LPC1(H2O), was previously reported 
to have undergone a crystal-to-crystal transformation from its 3D interpenetrated 
structure to a 2D layered structure [Cu(bpy)2(BF4)2],
 [13-15]
 referred to as LPC1, due to 
dehydration.
 [14] 
Although this flexible compound contains no open pores as revealed by 
crystallographic analysis, it shows unique “gate” adsorption isotherms for gases such as 
CO2, N2, O2, and CH4,
 [13-15] 
particularly for CO2, where the adsorption uptake increases 
almost vertically at a certain pressure with a predominantly rectangular-shaped 
hysteresis. Because of the high adsorption capacity and excellent desorption properties 
of this compound, this unique “gate” phenomenon is highly beneficial for CO2 storage 
and separation applications. We are interested in studying the effects of water exposure 
on this evacuated structure and its unique CO2 adsorptivity.  
In this study, we investigate the structural change of this Cu-complex on dehydration 
and rehydration and its consequent CO2 adsorptivity. We show that despite the imperfect 
reversible structural change on rehydration, its CO2 “gate” phenomenon can be observed 
even after exposure to water to a significant extent. 
 
2.2 Experimental methods  
Synthesis On the basis of the method described by Blake et al.,
 [16] 
synthesis method is 
improved as follows. Cu(Ⅱ) tetrafluoroborate aqueous solution (0.04 M) was mixed 
with a methanol solution containing 0.08 M 4,4’-bipyridine (bpy) at room temperature. 
After the resultant solution was refluxed at 348 K for 2 h, it is filtered for obtaining the 
mother-liquor. Dichloromethane was then added to the mother-liquor. By evaporation, 
filtration, and drying, blue crystal {[Cu(bpy)(H2O)2(BF4)2](bpy)}, LPC1(H2O), was 
obtained. This solid was evacuated by heating at 373 K for 2 h to give the dehydrated 
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form LPC1. On exposure to water vapor (P/P0 > 0.6) at 303 K for 20 h in an adequate gas 
system, the primary dehydrated form LPC1 was converted to a rehydrated form 
LPC2(H2O). The sample obtained by the secondary dehydration process was termed 
LPC2. 
Characterization X-ray powder diffraction (XRPD) experiments were performed 
using monochromated Cu Kα radiation at 40 kV, with a scan of 0.02 degree/step. 
Infrared (IR) spectra were obtained using a JASCO FT-IR 410 spectrophotometer at a 
resolution of 2 cm
-1
. Thermogravimetric analysis (TGA) was carried out using an 
EXSTAR 6000 instrument (Seiko Instrument Inc.) in nitrogen atmosphere. Scanning 
electron microscopy (SEM) images were obtained by using a JSM-6330F scanning 
electron microscope (JEOL) operated at 5 kV. 
Gas adsorption An H2O adsorption isotherm at 303 K was measured by a gravimetric 
method and CO2 adsorption isotherm was measured at 273 K by an automatic volumetric 
adsorption apparatus (BEL JAPAN Inc.). In both cases, prior to measurement, the 
samples were evacuated for 2 h at 373 K and/or 403 K, with pressure P < 10 mPa.  
 
2.3 Results and Discussion 
2.3.1 Structural evolution upon dehydration and rehydration  
The results of in-situ IR spectroscopy of the dehydration and rehydration processes are 
shown in Figure 2.1. A vibration band around 3500 cm
-1
, which is characteristic of –OH 
and/or H2O was observed in LPC1(H2O) and LPC2(H2O); however it was not observed 
for the evacuated LPC1 form, indicating that LPC1(H2O) transformed to a dehydrated 
form on the removal of water molecules. Consequent exposure to water reverts it back to 
a rehydrated form. 
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Figure 2.1 Infrared spectrum of LPC1(H2O), red; LPC1, green; LPC2(H2O), blue. 
 
The water adsorption isotherm at 303 K also supports this reversible rehydration 
process (Fig. 2.2). There is a significant increase in H2O adsorption in the low relative 
pressure range (P/P0 = 0 ~ 0.01) until saturation, indicating a strong water-MOF 
interaction. This process occurs in a few minutes. The desorption branch does not trace 
the adsorption branch and no obvious desorption is observed. It is very likely that H2O 
molecules coordinate directly with the Cu(II) centers. Moreover, according to the 
saturated water adsorption amount, two adsorbed H2O molecules correspond to one Cu 
atom of LPC1. This result agrees with the TGA result of LPC1(H2O), which shows a loss 
of 2 H2O molecules per formula unit when LPC1(H2O) is evacuated by heating.   
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Figure 2.2 Adsorption isotherm of water vapor on LPC1 at 303 K. 
 
In-situ XRD studies of the dehydration and rehydration processes further confirm the 
reversible rehydration process (Fig. 2.3). Transition from LPC1(H2O) to LPC1, (Figs.2.3a 
and 2.3b),causes a remarkable crystal phase change, which was previously revealed to be 
a 3D to 2D structural transformation.
[14] 
This process suggests that LPC1(H2O) 
undergoes a drastic structural change due to the removal of water molecules when heated 
in vacuum at 373 K for 2 h. When LPC1 transforms into LPC2(H2O) (Figs.2.3b and 2.3c), 
by the introduction of water vapor, the recovery of the structure is indicated by a 
recovery in its XRD pattern, which shows that the Bragg angles in the case of 
LPC2(H2O) are same as those observed in LPC1(H2O).  
From the above results, we deduce that LPC1(H2O) transforms into LPC1 due to 
dehydration, and LPC1 recovers its original hydrous structure when exposed to water 
molecules. However, the differences between the structures of these two hydrated forms 
are also observed in XRD, TG and SEM, as explained later. 
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Figure 2.3 XRD patterns of (a) LPC1(H2O), (b) LPC1, and (c) LPC2(H2O). 
 
A significant change in intensity was observed in certain reflection planes, suggesting 
the possibility of existence of stacking faults along certain direction or partial deviation 
in the orientation of the stacking structure during the rehydration process. In addition, 
the coordination of Owater atoms with Cu atoms in the original hydrated form occurs in a 
liquid phase, whereas in the rehydration process, Owater atoms coordinate with Cu atoms 
rapidly in a solid phase, which makes the local environment around the Cu centers 
unfavorable for the formation of hydrogen bond having original bond angles and bond 
lengths. 
A change in the morphology of the structure was observed in SEM images. In Figure 
2.4, the original hydrated form has a distinctly anisotropic plate-like particle shape; this 
kind of highly preferred orientation was not evident in the rehydrated form. This 
observation is in agreement with the intensity change observed in XRD studies. The 
decrease in the crystal size of the rehydrated form is in agreement with a slight increase 
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(approximately 15% on average) in the background and slight broadening 
(approximately 10% in terms of HWFM ) of peaks in XRD patterns.  
(a)
(b)
1μm
1μm
 
Figure 2.4 SEM images of LPC1(H2O) and LPC2(H2O). 
 
In TG profiles (Fig. 2.5), both hydrated forms undergo 3 steps of weight loss, among 
which the first characteristic weight loss of LPC1(H2O) (from room temperature to 451 
K) is assigned to the dehydration process, which corresponds to the removal of two 
water molecules (obsd.: 6.0%; calcd.: 6.15%). The TG profiles of these two hydrated 
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forms almost completely except for two small differences in the first and second weight 
loss stages. The similarity in the two TG profiles is an indication of their similar thermal 
behaviors of the two hydrated forms.  
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Figure 2.5 TGA results of LPC1(H2O) (red) and LPC2(H2O) (blue). 
 
However, a difference between the thermal stabilities of their lattice structures is also 
evident from the change in the first step of weight loss. It is likely that stronger hydrogen 
bonds may form during the rehydration process so that higher energy will be required to 
remove some of the water molecules. In addition, change in the second step of weight 
loss shows that the bpy molecule and BF3 group tend to depart the structure more easily 
with the removal of water molecules; this can probably be attributed to the distorted 
structure of LPC2(H2O) due to the removal of water molecules. 
These differences imply that this rehydration process is not completely reversible. 
Taking in consideration the significant decrease in crystallinity due to primary 
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dehydration, such incomplete structural recovery could originate from the evacuation 
and heating process. 
2.3.2 CO2 adsorptivity after rehydration 
In our previous studies, it was concluded that unique CO2 “gate adsorption” of this 
Cu-complex at 273 K can occur repeatedly at around P/P0 = 0.0105 for “gate-opening” 
and at around P/P0 = 0.007 for “gate-closing”.
[13] 
The gate-opening on CO2 adsorption is 
due to an expansion in the layers of the dehydrated structure LPC1, triggered by the 
clathrate formation with CO2 molecules; the expansion results in a large porosity.
[14]
 
Investigation of this unique adsorptivity after rehydration is important. 
Under the same pretreatment conditions, CO2 adsorption isotherm of the rehydrated 
form was compared with that of the original hydrated form (Figs. 2.6 a and Fig. 2.6 b). It 
should be noted that even after exposed to a significant amount of water at 
approximately P/P0 = 0.6, the unique “gate” phenomenon, which is characteristic of an 
abrupt increase in adsorption at the adsorption branch and a sudden decrease at the 
desorption branch, was still observed in the rehydrated form, although the isotherm 
shows a slight decrease in the amount of adsorption and a milder “gate opening”. This 
kind of hysteresis reflects a dynamic structure transformation from the initial dehydrated 
structure to a guest-occupied structure. This suggests that the basic layer structure still 
exists after rehydration so that the interaction between CO2 and the structure is 
sufficiently strong to cause an expansion of the layers and to allow the incorporation of 
CO2 molecules. 
Moreover, recovery of adsorptivity was observed through improved pretreatment 
temperature (Fig. 2.6c). Changes in the CO2 adsorptivity are in good agreement with 
XRD results of these dehydrated forms, as shown in Figure 2.7. When LPC1 is pretreated 
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under the same conditions at 373 K for 2 h, XRD pattern of LPC1 shows certain 
similarity but also some differences to that of LPC2. When LPC2(H2O) was heated at 
higher temperature at 403 K, probably for the removal of some strongly bonded water 
molecules, several peaks reappeared, as indicated by the dotted lines suggesting a better 
“gate” phenomenon.  
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Figure 2.6 CO2 adsorption isotherms at 273K (a) ■□ LPC1(H2O) pretreated at 373 K, 
(b) ▲△ LPC2(H2O) pretreated at 373 K, and (c) ●○ LPC1(H2O) pretreated at 403 K. 
 
Kitagawa et al. proposed that when a guest-induced structural variation of individual 
function synthons is cooperatively accumulated over a large part of the solid framework, 
a transformation of the macroscopic structure occurs; however, it does not cause any 
wide-range degradation in the crystal phase, and this perturbation is sufficient to cause a 
crystal transformation.
[2] 
For this Cu-complex, a transformation of the macroscopic 
structure occurs during the rehydration process; but, probably because of the formation 
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of the structural defects caused by the dehydration process during evacuation by heating, 
this accumulative cooperation may not be exact. Thus this may cause incomplete 
structural reversibility and functionalities such as adsorptivity could be affected to a 
small extent. Further, the broadening of the hysteresis loop the adsorption and desorption 
branches should reflect the ordered and inhomogeneous structure for the original and 
rehydrated forms, respectively. 
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Figure 2.7 XRD patterns of different dehydrated forms: (a) LPC1(H2O) pretreated at 
373 K, (b) LPC2(H2O) pretreated at 373 K, and (c) LPC2(H2O) pretreated at 403 K. 
 
2.4 Conclusion 
Structure stability upon water exposure is an important issue for many MOFs. It is 
closely related to their application. If water-resistant MOFs can be synthesized, the 
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scope of their applications would widen. However, if a MOF adsorbs water, it is crucial 
that its adsorptivity can be regenerated. This is based on its structural stability upon 
exposure to water.  
In the case of Cu-complex {[Cu(bpy)(H2O)2(BF4)2](bpy)}, the dehydration process 
initiates the structural transformation in the structure from a 3D to 2D structure, 
affording unique “gate adsorption”. The rehydration process causes the structure to 
recover a large extent, resulting in a nearly reversible structural change. The slight 
difference may be due to stacking faults and/or different interaction phases. Because of 
the presence of a layered structure, which accounts for the “gate” by expansive 
modulation, a slight change in the local structure does not affect its CO2 adsorptivity 
significantly. Thus, considering that the evacuated Cu-complex is exposed to water to a 
significant extent, the observation of the “gate” phenomenon implies an effective pore 
structural change of this MOF with rehydration. 
 
 
 
 
 
 
 
 
 48
References 
[1] J. L. C. Rowsell, O. M. Yaghi, Microporous Mesoporous Mater. 2004, 73, 3-14. 
[2] S. Kitagawa, R.Kitaura, S. I. Noro, Angew. Chem., Int. Ed. 2004, 43, 2334-2375. 
[3] A. J. Fletcher, K. M. Thomas, M. J. Rosseinsky, J. Solid State Chem. 2005, 178, 
2491-2510. 
[4] L. Huang, H. Wang, J. Chen, Z. Wang, J. Sun, D. Zhao, Y. Yan, Microporous 
Mesoporous Mater. 2003, 58, 105-114. 
[5] S. S. Kaye, A. Dailly, O. M. Yaghi, J. R. Long, J. Am. Chem. Soc. 2007, 129, 
14176-14177. 
[6] Y. Li, R. T. Yang, Langmuir 2007, 23, 12937-12944. 
[7] J. A. Greathouse, M. D. Allendorf, J. Am. Chem. Soc. 2006, 128, 10678-10679. 
[8] C. Serre, F. Millange, C. Thouvenot, M. Noguès, G. Marsolier, D. Louër, G. Férey, 
J. Am. Chem. Soc. 2002, 124, 13519-13526. 
[9] K. Takaoka, M. Kawano, M. Tominaga, M. Fujita, Angew. Chem., Int. Ed. 2005, 
44, 2151-2154. 
[10] B. Rather, M. J. Zaworotko, Chem. Commun. 2003, 9, 830-831. 
[11] T. K. Maji, R. Matsuda, S. Kitagawa, Nat. Mater. 2007, 6, 142-148. 
[12] D. Li, K. Kaneko, Chem. Phys. Lett. 2001, 335, 50-56. 
[13] S. Onishi, T. Ohmori, T. Ohkubo, H. Noguchi, L. Di, Y. Hanzawa, H. Kanoh, K. 
Kaneko, Appl. Surf. Sci. 2002, 196, 81-88. 
[14] A. Kondo, H. Noguchi, S. Ohnishi, H. Kajiro, A. Tohdoh, Y. Hattori, W. C. Xu, 
H. Tanaka, H. Kanoh and K. Kaneko, Nano Lett. 2006, 6, 2581-2584. 
[15] H. Noguchi, A. Kondo, Y. Hattori, H. Kajiro, H. Kanoh, K. Kaneko, J. Phys. 
Chem. C 2007, 111, 248-254. 
[16] A. J. Blake, S. J. Hill, P. Hubberstey, W. S. Li, J. Chem. Soc., Dalton Trans. 
1997, 913-914. 
 49
 
 
 
 
 
Chapter Ⅲ 
 
Effective Pore Control by Solvent 
Treatment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 50
3.1 Introduction 
Porous metal-organic frameworks (MOFs) are attracting considerable attention due to 
their potential applications in many fields.[1~7] Contributed by soft interactions in the 
architectures, flexible porous MOFs with dynamic structure transition have been 
expected to show functions different from traditional porous materials and they are 
possible to develop into a unique class of materials for gas separation and molecular 
sensor technologies.[8~14] Gate adsorption on a Cu-MOF, [Cu(4,4’-bpy)2(BF4)2], is such 
a typical example showing novel adsorption behavior. Through an expansive 
modulation of the layered structure, it shows unique gate adsorption on CO2, N2 and 
CH4
 [8,15~18]. Its excellent ability on the adsorption and recovery of CO2 has been 
reported, enabling it a promising adsorbent for the capture of CO2 and application in 
CCS technology.[19] However, the starting concentration of CO2 for the gate opening of 
this material is still relatively too high. Therefore, how to lower the gate pressure is 
important. In addition, lower gate pressure could lead to safer gas storage and wider 
applications. Tuning of gate behavior involves functional control, which in turn largely 
relies on an effective pore control of porous MOFs. 
As far as gas adsorption is concerned, there are only a few reports relating to the 
modification of gas adsorption performance. A report shows that after anion exchange 
CO2 adsorption capacity on a Ni(Ⅱ) flexible porous MOF can be improved.[20] Other 
two examples show that enhanced CO2 adsorption performance can be introduced by 
the presence of water molecules. It is explained by the occupation of open-metal sites 
by coordinated water molecules in the case of Cu-BTC [21] and it is ascribed to the 
influence of the polar character of the adsorbed molecules in the case of MIL-53.[22] 
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Although the explanations for the phenomenon look different, they both reflect a fact 
that an adsorption behavior can be influenced by the guest-host interactions. Especially 
in the two cases, the adsorption performance was changed due to an introduction of a 
second guest into the host structure.  
Prior to adsorption, a vacuum process sometimes with heating is necessary to expel 
guest molecules (mostly included during synthesis) and free the occupied space. This is 
a necessary process for a certain adsorption. For the elastic layer-structured Cu-MOF in 
study, heat treatment is indispensable in removing coordinated water molecules in order 
to introduce the expansive layered structure. If intentionally introducing functional 
guest molecule such as ethanol or methanol, which have similar coordination ability as 
water, the dehydration process might be influenced. This could result in a change in the 
introduced layer structure and consequently tunable adsorption behavior. 
Herein, we present a study on the solvent treatment of this Cu-complex and we show 
that solvent treatment can influence the gate adsorption behavior and lower the gate 
pressure value. The effect was found to relate with the inclusion of trace amount of 
residual solvent molecules.  
 
3.2 Experimental Section 
Synthesis. Based on the method described in literature [23], an improved method was 
used for the synthesis of the precursor, [Cu(bpy)2(BF4)2(H2O)2], named as HLPC. 
Cu(Ⅱ) tetrafluoroborate aqueous solution (0.04 M) was mixed with a methanol solution 
containing 0.08 M 4,4’-bipyridine at room temperature. After the resultant solution was 
refluxed at 348 K for 2 h, it was filtered to obtain the mother-liquor. Dichloromethane 
was then added to the mother-liquor. After evaporation, filtration, and drying, blue 
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crystal (HLPC) was obtained. The dehydrated form, [Cu(bpy)2(BF4)2], referred as LPC, 
was obtained from HLPC through heating at 373 K for 3 h. 
Solvent Treatment. The as-synthesized form, HLPC, was soaked in ethanol at room 
temperature for 3 days to get the ethanol-treated form ELPC. The wet samples were 
dried at room temperature for 2 h (< 1 Pa) and further vacuumed at room temperature 
for 3 h (< 1 mPa) prior to adsorption, XRD, XAFS measurements. These vacuumed 
forms are named as ELPC-vac.  
Gas Adsorption. CO2 adsorption isotherm was measured at 273 K by an automatic 
volumetric adsorption apparatus (BEL JAPAN Inc.). The purity of CO2 gas was 
99.9999%. Prior to the measurement, samples were pretreated under vacuum with or 
without heating. 
Thermogravimetric Analysis (TGA). Thermogravimetric measurements were 
carried out on an EXSTAR 6000 TG/DTA equipment (Seiko Instruments Inc.). The 
temperature was increased from room temperature to 873 K at 3 K min-1 under N2 flow 
of 100 ml min-1. Before measurement, the ethanol-treated sample was dried at room 
temperature over 12 h by N2 flow. LPC was obtained by heating the hydrated form at 3 
K min-1, maintaining at 373 K for 2 h, then cooling down to 303 K under N2 flow. 
Head Space-Gas Chromatograph/Mass Spectrometry Detection (HS-GC/MS). 
The amount of ethanol remained in the vacuumed form of ELPC was determined as 
follows. 300 mg HLPC was used to get ELPC-vac as described above. Then, 30 ml 
deionized water was introduced into the vacuumed sample and this was kept for 18 h. 
After a centrifugation, 5 ml supernatant was transferred to a 20 ml headspace bottle, 
sealed and heated at 353K for 30 min. Gas phase (0.5 ml) was sampled from the bottle 
and analyzed on a GC/MS spectrometer by a selective ion mode. 
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X-ray Diffraction (XRD). Synchrotron X-ray powder diffraction patterns were 
collected at Spring-8 with a large Debye–Scherrer Camera at room temperature. The 
wavelength of incident X-ray was 1.002Å. Before data collection, samples were put 
into capillaries and out-gassed under vacuum.  
Particle Density Measurement. The particle density was obtained through a 
high-pressure He buoyancy curve measured at 303 K by a gravimetric method. The 
high-pressure adsorption system is equipped with an electronic microbalance (Cahn 
1100) and high-pressure transducers (MKS Baratron). 
X-ray Absorption Fine Structure (XAFS). The XAFS spectra of Cu K-edges on 
ELPC-vac and LPC were measured in a glass cell with windows of Capton film. The 
program code FEFE8 was used for the simulation of the XANES and EXAFS spectra of 
Cu for the two samples. The radial distribution functions (RDFs) for Cu were further 
obtained from the EXAFS spectra. 
FTIR Measurements. FTIR spectra were recorded on a Perkin Elmer FT-IR System 
2000 spectrometer with ATR attachment (Sensir Technologies Co., Inc, DurasamplIR). 
Scans were taken for each sample from 4000 to 600 cm-1 at a resolution of 2 cm-1 under 
N2 flow.  
 
3.3 Results and Discussion 
3.3.1 Shift of CO2 gate pressure  
CO2 adsorption isotherms measured at 273 K on HLPC with and without ethanol 
treatment are shown in Figure 3.1. Without ethanol treatment, when vacuum treatment 
was carried out without heating on HLPC, no adsorption was observed (Fig. 3.1, black); 
the dehydrated form LPC, which is obtained through heat treatment at 373 K, can afford 
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the unique gate adsorption through an expansive modulate (Fig. 3.1, blue). After ethanol 
treatment, however, without carrying out heat treatment, adsorption can occur through a 
simple vacuum treatment, suggesting an easier removal of coordinated water molecules. 
More importantly, ethanol-treated form shows a similar CO2 gate adsorption isotherm, 
which has a remarkable shift of the gate pressure to a lower value (Fig. 3.1, red). The 
gate pressures are compared in Table 3.1. This phenomenon suggests that both 
adsorption processes have a similar adsorption mechanism, but gate pressure changed 
due to ethanol treatment. 
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Figure 3.1 Adsorption isotherms of CO2 at 273 K on ELPC pretreated at room 
temperature (red) and HLPC pretreated at 373K (blue) and room temperature (black).  
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Table 3.1 Comparison of adsorption behavior of HLPC and ELPC 
 P/P0-ads P/P0-des Adsorption amount-mg g
-1 
HLPC 10.1×10-3 7.5×10-3 150 
ELPC 7.0×10-3 5.0×10-3 135 
 
3.3.2 Structural change  
Compared with the XRD pattern of HLPC (Fig. 3.2, a), the pattern of ELPC shows 
some new peaks (Fig. 3.2, b), probably due to a break down of extinction rule, which 
comes from lattice deformation caused by the existence of tremendous ethanol 
molecules. After evacuation, dramatic changes in diffraction planes of ELPC should 
correspond to a structural transition from 3-dimension to 2-dimension during the 
dehydration process (Fig. 3.2, c). For LPC and ELPC-vac, their XRD patterns show a 
large extent of similarity. But a notable shift in (001) plane was noticed. This plane 
represents the stacking direction of the layered structure. The shift corresponds to about 
2% expansion between the layers. Besides, particle density measured by high pressure 
He buoyancy curves also agrees with XRD result. A decrease in particle density from 
1.70 g ml-1 of LPC to 1.54 g ml-1 of ELPC-vac can be related to the volume change and 
thus indicates an expansion of the layered structure due to ethanol treatment. 
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   Figure 3.2 X-ray powder diffraction (λ=1.0015Å) patterns of a) HLPC, b) ELPC, 
c) ELPC-vac, and d) LPC. 
 
Cu-K-edge XANES spectrum of ELPC-vac is very close to that of LPC in both 
position and intensity (Fig. 3.3), suggesting the same electronic structure around Cu 
atoms. Radial structure functions (RSFs) were further derived through Fourier 
transformation analysis (Fig. 3.4), and the highest peak of the 1st shell at 0.14 nm is 
assigned to the Cu-N and Cu-F coordination of the nearest bipyridine and BF4 
-. Both 
forms have the identical nearest-neighboring structures. Based on a Least-Squares Fit of 
the Fourier-Filtered EXAFS spectra, both show a same structural parameter rCu-N with a 
value of 0.200 nm and a close structural parameter of rCu-F with a value of 0.226 nm and 
0.227 nm for ELPC and HLPC, respectively. The same local coordination structure, 
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therefore, further confirms that after ethanol treatment, the coordinated water molecules 
can be easily removed to give rise to the same two-dimensional layered structure. But, 
considering the observed layer expansion, the way of the layer stacking of the 
ethanol-treated form should be altered. 
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Figure 3.3 XANES spectra of Cu edge of (a) ELPC-vac and (b) LPC. 
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Figure 3.4 Radial distribution functions from Cu edge of (a) ELPC-vac and (b) LPC. 
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   Figure 3.5 FTIR spectra of ELPC on time change under N2 flow. 
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The IR spectra of ethanol-treated form on a structural evolution against time were 
shown in Figure 3.5. At the initial wet state, a band for –OH stretching vibration of 
ethanol was observed (centered at about 3320 cm-1), while the –OH vibration from 
water molecules in HLPC was probably obscured by that from ethanol molecules. In 
addition, –CH2 stretching observed at 3000~2800 cm
-1 also indicates the presence of 
ethanol molecules. After a few minutes, the reductions in the absorbance of these bands 
reflect the removal of ethanol molecules. After drying under N2 flow for 24 min, the 
two bands disappeared indicating a structure transition. This easier dehydration is 
probably contributed by the surrounding of tremendous ethanol molecules, which 
interact with and weaken the connection between water molecules and Cu centers. 
Drying for a longer time (about 3 hours), no further change was observed, suggesting all 
ethanol molecules and water molecules were removed with N2 flow. Actually, the 
N2-dried ELPC is very similar to LPC, with only very slight differences, as shown in 
Figure 3.6. 
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      Figure 3.6 FTIR spectra of LPC (black) and nitrogen-dried ELPC (red).  
 
3.3.3 Incorporation of trace amount of ethanol 
Thermal analysis shows that ELPC has a similar TG profile to that of LPC (Figure 
3.7). For LPC (Fig. 3.7, black), the two stages of weight loss are assigned to the 
departure of bipyridine and BF3. As ELPC (Fig. 3.7, red) was dried under N2 flow 
before measurement, this treatment should be able to give rise to a dehydrated structure 
similar to ELPC-vac, based on the results discussed before. Therefore, the similar 
weight loss suggests the same chemical formula for LPC and ELPC-vac. However, a 
slightly gradual loss in the weight of ELPC observed at the temperature range of 350 
K~520 K should correspond to a further removal of residual ethanol molecules. The 
difference suggested that some ethanol molecules could remain in the structure. Besides, 
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the inflexion point at around 520 K in the TG profile of ELPC-dry possibly reflects its 
deformed lattice structure. 
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Figure 3.7 TG and DTG profiles of ELPC-dry (red) and LPC (black). 
 
The possibility for the existence of residual EtOH molecules in ELPC-vac was 
further confirmed by HS-GC/MS method. The detection revealed that about 0.04 mole 
ethanol molecules remained in one mole of the vacuumed ELPC. This corresponds to 
one residual ethanol molecule in about every 26 structural units of LPC. Therefore, only 
trace amount of solvent molecules remained in the structure after vacuum treatment.  
On the other hand, the influence from pretreatment temperature on the value of gate 
pressure was observed. In Figure 3.8, CO2 adsorption isotherms measured at 273 K on 
ELPC-vac with different pretreatment temperatures were compared with LPC (Figure 
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3.8, black). With increase of pretreatment temperature, from room temperature to 393 K 
and 453 K, gate pressure of ethanol-treated form was found to gradually shift to almost 
the original value. This change should reflect a temperature-dependent release of 
residual ethanol molecules. And the possibility that these shifts are related with vacuum 
time was excluded, as prolonged vacuum treatment at room temperature for even 48 h 
could not cause obvious change in the gate pressure.  
Moreover, The higher the pretreatment temperature, the larger the extent of the 
recovery there was. These residual molecules should have certain strong interaction 
with the lattice structure, because they need more energy to get away from the 
framework by heating. Therefore, ethanol molecules trapped in the structure should 
have a role in influencing the structure, especially in the stacking direction. Actually, 
the strong interaction between solvent molecules and the Cu atoms is also supported by 
a recent study on this Cu-MOF though solid-state NMR and EPR spectroscopy.[24] In 
that study, it shows that introducing polar molecules to the dehydrated form of this 
Cu-MOF would result in a formation of complex between guest molecules and the 
copper atoms, which would lead to a much weaker coordination between Cu atom and 
BF4
–. 
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Figure 3.8 CO2 adsorption isotherms at 273 K on ELPC-vac with pretreatment 
temperature of 298 K, 393 K, and 453 K (red, blue, and green, respectively), with a 
comparison to LPC (black). 
 
If enlarging the low relative pressure range of Figure 3.8, a temperature-dependent 
recovery of pre-opening phenomenon can also be observed, as shown in Figure 3.9. 
Nearly no adsorption can be observed below gate pressure for the standard sample (Fig. 
3.9 black). But after ethanol treatment, the adsorption isotherm shows a gradual increase 
in the sorption amount even at very low relative pressure range (Fig. 3.9 red), referred 
as pre-opening here. This pre-opening is probably coming from the availability of the 
entrance created by slight expansion between the inter-layers due to the inclusion of 
residual ethanol molecules, which enables diffusion of small amount of CO2 molecules. 
The extent of pre-opening decreases with an increase of pretreatment temperature at 393 
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K and 453 K (Fig. 3.9. blue and green, respectively). With the release of included guest 
molecules, there was probably a recovery of the lattice deformation.  
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Figure 3.9 Recovery of the pre-opening on pretreatment temperature of ELPC-vac 
 (the symbols are identical to those in Figure 3.8). 
 
As the interlayer interactions are controlled by weak interactions, an expansion in the 
interlayer distance attenuates these interlayer interactions and results in a more flexible 
structure. The larger flexibility may contribute to a deformation of the lattice structure. 
Considering the ratio of residual ethanol molecule to the structure unit, it is surprising 
that trace amount of residual ethanol molecules have such a significant influence on the 
regular arrangement of its layer stacking, which directly relates to the cooperative 
structural transition upon loading of gas. The guest-host interactions in this flexible 
MOF structure can significantly influence its property.  
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3.3.4 Enthalpy change of clathrate-formation 
The origin of stepwise adsorption of flexible MOFs was generally explained as a 
transition from nonporous to porous structure due to guest-induced dynamic structural 
change.[4,9] To the best of our knowledge, no studies to date have clarified the 
thermodynamics or kinetics of these adsorption phenomena because of the difficulties in 
collecting necessary data experimentally. For this Cu-MOF, the gate adsorption could 
be explained as a clathrate-formation mediated adsorption process. This process can be 
described as follows: LPC + CO2 (g) = [LPC:CO2] (s).
[19] Correspondingly, Van’t - Hoff 
equation can be simplified as 
        dln(P0/P)/d(1/T) = - ∆Hf /R         (3.1) 
and be applied to the process, giving the value of ∆Hf , the enthalpy change of the 
clathrate formation. 
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Figure 3.10 The linear relationship between the logarithm of the gate pressures and the 
reciprocal of the measuring temperatures of ELPC-vac (red) and LPC (blue). 
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The adsorption isotherms of CO2 on LPC and ELPC-vac were measured at different 
temperatures. Figure 3.10 shows the linear relationship between the logarithm of the 
gate pressures and the reciprocal of the measurement temperatures. At the temperature 
range of 258 K~293 K, the obtained ∆Hf for the clathrate formation for ELPC and LPC 
were -23.7 kJ/mol and -25.1 kJ/mol, respectively, showing a decrease in the enthalpy 
change of the ethanol-treated form. So the CO2-solid interaction could also become 
weaker due to the presence of ethanol molecules in the structure. This is probably 
related with the influence on the Cu-CO2 interaction or BF4 anion-CO2 interaction.   
3.3.5 Solvent treatment by different alcohols  
 
0.00 0.01 0.02 0.03
0
40
80
120
160
 
S
or
pt
io
n 
am
ou
nt
 o
f 
C
O
2 
/ 
m
g 
g-
1
P/P
0
  
Figure 3.11 CO2 adsorption isotherms at 273K on methanol-, ethanol-, and 
propanol-treated LPC (black, red, green, respectively), and LPC (blue). 
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Although methanol, ethanol and propanol have similar chemical properties, they have 
different effects on the CO2 gate pressure, as shown in Figure 3.11. Similar to ethanol 
treatment, methanol treatment can also introduce a solvent-substituted dehydration at 
room temperature and correspondingly a decrease in gate pressure. But the extent of the 
shift is smaller that of ethanol. In the case of propanol treatment, a dehydration process 
could not occur without heat treatment. Even heat treatment at 373 K was employed to 
help removing coordinated water molecules, no shift of the gate pressure was observed 
in the case of propanol-treated sample (Fig. 3.11, green). This should be ascribed to the 
weakest polarity of propanol molecule among the three. The poor polarity makes it not 
energetically enough to break the coordination between water and copper ion. But the 
adsorption isotherm of propanol-treated form shows a very prominent “pre-opening” 
phenomenon, which should result from the large space created by partly inclusion of 
propanol molecules of a large size. From these results, molecular size and polarity 
should have an important role in the guest-host interaction.  
Besides, during the immersion treatment, the samples did not dissolve in these 
alcohols. And the color of the solid changes from blue to purple at different speed with 
respect to different solvent. The color of the sample changes fastest in the methanol 
treatment and then in the ethanol treatment. Color change is hardly observable in the 
propanol treatment even being immersed for one week. Moreover, if the immersion 
temperature is increased for ethanol and propanol treatment, the speed of color change 
increases.  
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Figure 3.12 CO2 adsorption isotherms at 273K on HLPC treated by propanol  
at 323 K with different pretreatment temperatures, and LPC. 
 
It is interesting to note that in the case of ethanol treatment when the immersion 
temperature was increased to 323 K, the color changed from blue to purple and then 
reverted to blue. A check on the adsorptivity of this sample, after heat pretreatment, 
shows no shift in the gate pressure. The observed reversible color change and a loss of 
the ability to afford a shift of gate pressure suggest that the structure of ELPC was in a 
meta-stable state.  
In the case of propanol treatment, however, when the immersion temperature was 
raised to 323 K, the resultant sample gave very different CO2 adsorption isoterms, as 
shown in Figure 3.12. At different pretreatment temperatures, all the forms show CO2 
adsorptivity, even pretreated at room temperature. Therefore, heating during the process 
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of propanol treatment facilitates the interaction between propanol molecules and the 
structure. But the isotherms are no longer characteristic of gate phenomenon. All of 
them show a gradual increase in the adsorption amount throughout the pressure range of 
the measurements. This indicates that the adsorption mechanism is different from the 
gated-one and the layer-stacking structure is probably distroied by the inclusion of 
propanol molecules, due to its larger size. 
3.3.6 Hypothesis 
The structure of the precursor is a three-dimensional framework built up of 
two-dimensional square grid sheets linked through Cu-N coordination and Cu-O 
coordination, where another bpy molecule is linked through strong hydrogen bond 
between F atom from BF4 ion and H atom from H2O. In the stacking direction, the 
layers are arranged primarily through hydrogen-bonded between F atom from BF4 ion 
and O atom from H2O and π-π interaction between aromatic rings. Along with the 
results discussed before, a hypothesis is proposed for the shift of gate pressure. The 
schematic illustration is shown in Figure 3.13.  
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Figure 3.13 Diagram for the hypothesis of the mechanism. 
 
After dehydration through heat treatment, the stacking of the derived 2D layered 
structure is still primarily controlled by interlayer interactions such as π-π interaction 
and hydrogen bonds from H-F interaction. As the stacking 2-dimentional layers usually 
have a barrier in the third dimension due to these interactions,[4] an introduction of CO2 
gas at a specific loading can compensate the required energy for creating space for the 
inclusion of these molecules, reflected structurally as an increase in the layer distance 
and correspondingly a sudden increase in the adsorption amount during adsorption. 
In solvent-treated dehydrated structure, the periodical arrangement of the structure is 
disturbed due to the presence of residual molecules, even trace amount of them. These 
guest molecules are likely to interact with the copper centers strongly; they could 
influence the arrangement of the sheet structures and weakly bonded BF4 ion, resulting 
in weaker interlayer interactions. Although after solvent treatment, the CO2-layer 
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interaction becomes weaker too, a balance between CO2-layer interaction and the 
layer-layer interaction determines the necessary loading of CO2 for the layer expansion. 
If the extent of the change in CO2-layer interaction is smaller than that in the interlayer 
interaction, the effect, on a whole, exhibits as a smaller necessary loading.  
The extent of the influence from the included guest molecules is related with both 
their polarity and size. In the case of ethanol treatment, the effect on the side of 
lowering interlayer interactions predominates; a smaller loading is needed, reflected in 
adsorption isotherm as a lower gate pressure. In the case of methanol treatment, the 
similar effect is smaller compared with that of ethanol due to a small size. In the case of 
propanol, the size effect dominates.  
3.3.7 Ethanol treatment-induced regeneration of the adsorptivity 
Lastly, relating with solvent treatment, another interesting phenomenon of this 
Cu-MOF is worth being mentioned. In chapter 2, incomplete reversible structural 
change of LPC upon exposure of water vapor was observed. If the sample is left in 
atmosphere for a couple of hours, there is no obvious influence on the adsorption. But if 
longer, deterioration of the adsorpivity could be reflected by a non-vertical gate pressure 
and a decreased adsorption amount, which are probably due to structural defects of the 
dehydrated form. However, when an ELPC-vac form was exposed in atmosphere with 
considerably high humidity for two weeks, a further simple ethanol treatment can result 
in a CO2 adsorption isotherm nearly identical to the ELPC-vac, as shown in Figure 3.13. 
This phenomenon suggested that after ethanol-treatment, the resistance of LPC to the 
influence of water is probably enhanced. It may lead to a way to regenerate the 
adsorptivity due to the influence of humidity in atmosphere and should be studied 
further. 
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Figure 3.13 CO2 adsorption at 273 K on ELPC-vac (red) and on  
air-exposed ELPC-vac after a further ethanol treatment (blue). 
 
3.4 Conclusion 
Porous MOFs, whatever their structural dimensionality is, possess two inherent 
components - the porous framework and the guest molecule. Usually, guest molecules 
have no function in the pores; they need to be removed in order to free the space prior to 
a certain adsorption. On the other hand, some examples have been reported about 
framework properties that change on inclusion and removal of guest molecules, such as 
dynamic structure and chromatic phenomena, [25, 26] which induce a change in the 
environment of the metal centers. Gas adsorption is a process involving the relative 
interaction between guest molecules and the host structure. Therefore, if the interactions 
between the introduced solvent molecules and the framework can influence the “soft” 
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structure, then the consequent adsorption can be influenced due to an altered 
environment. The idea of controlling the adsorption behavior through solvent-induced 
influence on the structure is well proved by studies in this chapter. 
Studies here show that solvent treatment could induce shift of gate pressure, which is 
related to trace amount of residual solvent molecules in the lattice. Despite the number 
of them is very small, these molecules can induce a relatively large extent of lattice 
deformation, influence layer interactions and lead to controllable functionality. The 
extent of the shift could therefore be adjusted by altering relative strength of CO2-layer 
interactions and layer-layer interactions through solvent molecules with suitable polarity 
and size. The extent of the shift could also be adjusted through pretreatment temperature. 
The study suggests a possible new way to tune the adsorption behavior through 
affecting the states of the framework through intentionally introduced guest-host 
interaction. In addition, solvent treatment can induce easier dehydration and as a result, 
the pretreatment temperature can be lowered to room temperature and leads to a milder 
pretreatment condition.  
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4.1 Introduction  
Recently, there has been growing interest in flexible porous MOFs that reversibly 
change their structures and properties in response to guest exchange or adsorption, due 
to their potential applications in fields such as separation and sensors materials. 
[1~8]
 One 
of the most interesting phenomena in flexible MOFs is adsorption with a gate effect, 
with which framework structure changes during the adsorption process from a closed 
structure to an open one at a specific pressure. The guest-induced dynamic structural 
transition has been identified as a major principle for these phenomena. 
[9~11]
 However, 
only a very few further study about the origin of the unique adsorption phenomena were 
reported and it still remains unclear. More efforts should be tried.  
The Cu-MOF, [Cu(bpy)2(BF4)2]n, is the first reported MOF showing the 
characteristic gate adsorption behavior.
[12]
 It is generally obtained from its precursor, 
{[Cu(bpy)(H2O)2(BF4)2](bpy)}n, through heat treatment. The structure of the precursor 
shows that 
[13] 
the two 4,4’-bpy molecules have differing bridging roles. One bridges 
copper atoms directly, while the other, through hydrogen-bonding interactions, bridges 
copper atoms via intermediate water molecules. The copper atom has Jahn–Teller 
tetragonally elongated distorted octahedral geometry, provided equatorially by the 
4,4’-bpy nitrogens and two symmetry related water oxygens and axially by two 
symmetry related tetrafluoroborate fluorines. The built model of [Cu(bpy)2(BF4)2]n 
consists of a quasi-square grid 2D layered stacking structure.
 [14]
 According to the 
proposed structure, the two 4,4’-bpy nitrogens directly coordinate with copper atom 
equatorially and tetrafluoroborate fluorines still occupy the axial sites. Based on the 
accepted knowledge that the unique desorption/sorption behavior is introduced by 
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host–guest interactions, changes in the electronic configuration of the host structure are 
expected. 
Visible absorption spectral studies are considered to be an important part of the 
characterization of a transition metal complex.
 
The color in most transitional metal 
complexes is due to d-d transition of the metal ions. This method can probe the energy 
splitting of the d-orbitals and the geometry of the metal center. The electronic properties 
of copper(Ⅱ) complexes along have been intensively studied. [15~20]  The 3d9 outer 
electron configuration of the copper(Ⅱ) ion can be considered as a single positive hole 
in an otherwise filled d
10
 configuration. The way in which the positive hole behaves in 
the different stereochemistry can be understood qualitatively, using crystal-field theory 
to predict the ordering of the one-electron orbital levels. But due to Janh-Teller effect, it 
yields distorted forms of the basic stereochemistry. The magnitudes of the splitting of 
the electronic energy levels in copper(Ⅱ)complexes tend to be larger than other 
first-row transition metals due to the large bond-length distortions present.
 
The 
electronic properties of copper( Ⅱ ) complexes are thus relatively sensitive to 
stereochemistry.
 [17] 
The electronic transition spectra can be measured in solution, as a 
powder sample, or even as single crystal. Diffuse reflectance spectra are generally used 
for the powdered sample. Further, for a single crystal, the use of polarized light is a 
powerful technique for obtaining more information as to the actual directions of 
transition moments in transition metal complex as well as in MOFs. Therefore, 
electronic spectroscopy is plausible to be employed for in the study of this Cu-MOF. 
In this thesis, starting from a single crystal of the as-synthesized form, 
{[Cu(bpy)(H2O)2(BF4)2](bpy)}n, a try to measure the optical absorption spectra of its 
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CO2 adsorbed state and ethanol treated state is described and the problems encountered 
in the measurements will be discussed. 
 
4.2 Experimental section 
Electronic absorption spectra were recorded at room temperature on a MSV-370 
microspectrometer (JASCO) with a polarizer attachment. The single crystal was put into 
a quarts cell. To obtain the water-removed state, the relevant heat treatment under 
vacuum was carried out at 373K for 3h (P<0.01Pa) within the quarts cell. Then an 
introduction of 704 torr CO2 gas at 295K for 0.5h was performed to obtain the CO2 
adsorbed state. The ethanol treatment was also carried out in the quarts cell. 
 
4.3 Results and discussion   
4.3.1 Optical absorption spectra  
4.3.1.1 As-synthesized state 
As the available single crystal is the as-synthesized form, 
{[Cu(bpy)(H2O)2(BF4)2](bpy)}n, which has been identified to be a tetragonally 
elongated octahedral geometry, it is important to clarify the initial state so that its 
derived states can be compared. The absorption spectrum of this form is shown in 
Figure 4.1.  
As being pointed out,
 [19]
 in principle, the maximum number of d-d transitions of the 
electronic spectrum of a Cu(II) complex is four; in practice, however, very few 
complexes give any indication of more than two bands. Many complexes yield spectra 
involving two clear bands, but many show a main band with a low frequency shoulder 
only partially resolved. Many complexes involve a single broad absorption band with no 
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indication of a second band. The spectrum of the Cu-MOF shows a single broad band 
centered at about 601 nm (16638 cm
-1
) together with a well-defined shoulder at lower 
energy about 750 nm (13333 cm
-1
), agreeing with one of the previously observed shapes 
of the electronic transition spectra of Cu(II) complexes.  
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Figure 4.1 Electronic absorption spectrum of HLPC    
 
On the other hand, according to Beer-Lambert Law, log10 I0/I = A=εc l, where A is 
the absorbance;εrefers to the molar extinction coefficient; c is the concentration in 
units of moles/liter of crystal here; and l is the path length of light through sample in 
units of cm.εhas the usual significance, as indicated by the equation. Further, the 
oscillator strength f can be used as a good approximation for the true integrated 
intensity of an absorption band. It is proportionl to the product of εmax and the width of 
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the absorption band measured at half height. If assuming that the scattering in the 
sample can be neglected and taking the thickness of the sample 1um, through Gaussian 
analysis, the calculated oscillator strengths show rational value of about the order of 
magnitude of 10
-2 
~ 10
-3
, suggesting the spin-allowed d-d transition for octahedral 
complexes of
 
3d elements.
 [21]
 
Usually the broad band of copper(Ⅱ) complex is considered to be an envelope of 3 
transitions: 
2
Eg _
2
B1g, 
2
B2g _
2
B1g, 
2
A1g _
2
B1g, in which the three levels are close so that 
they are not resolved in the visible spectra. 
[22]
 In the case of this Cu-MOF, the main 
band shows an absorption maximum at about 16.7 kK. The position of this band 
suggests distorted octahedral geometry in the copper complex. 
[19]
 The main band 
observed at about nm is tentatively assigned to a 
2
Eg _
2
B1g transition.  
A sharp peak occurring between the main band and the lower frequency shoulder is 
noticed at 680 nm (only a rough estimate). Due to the sharpness, the peak should not 
come from a d-d transition, which is characteristic of a broad band. 
4.3.1.2 CO2 adsorbed state 
After heat pretreatment, unfortunately, the single crystal lost its crystalline and 
became powder. The electronic spectrum of LPC shows a broad peak centered at about 
620 nm without any shoulder being noticed. Compared with the as-synthesized form, 
the absorption maximum slightly shifted to the low energy side. Besides, the spectrum 
shows noticeable noise through out the whole measurement range, probably due to 
increased scattering.  
Based on the proposed structure from XRD analysis and the similar blue color, there 
should be no significant change in the coordination geometry of the guest-removed state, 
in comparison with the as-synthesized form, HLPC. This means that four 4,4’-bpy 
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nitrogens should coordinate with copper equatorially and two BF4
 
ions still occupy the 
axial positions in the case of guest-removed state, LPC. Therefore, LPC should have a 
similar electronic spectra to that of the compound Cu(NH3)4(BF4)2, which also has the 
CuN4 chromophore and the tetragonal octahedral geometry. The reported electronic 
reflectance spectra of this complex shows a single maximum at about 17100 cm
-1
 of 
relatively low intensity with occasionally a weak shoulder on the low frequency side, 
the former is assigned as the dyz, dxz to dx2-y2 transition and the latter as the dz2 to dx2-y2 
by comparison with single crystal spectra.
[16]
 The maximum of the absorption band is at 
about 614 nm, corresponding to about 16286 cm
-1
. Therefore, this broad band could also 
include these transitions. 
Correspondingly, the CO2 adsorption could not be carried out from a single crystal. 
The electronic spectrum of CO2-absorbed state of LPC still shows a broad band 
centered at about 580 nm (17240 cm
-1
), accompanying a splitting of the band at about 
695 nm. The maximum of the main band shifted to higher energy. This agrees with the 
color change of the sample from blue before adsorption to purple after CO2 adsorption. 
Compared with LPC, less noise of the spectrum can be observed. But based on the 
unclear assignment of the transitions, it is difficult to give detailed information on the 
change due to CO2 adsorption. 
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Figure 4.2 Electronic absorption spectrum of the dehydrated state, LPC (black)  
and the CO2-adsorbed state, LPC-CO2 (red). 
 
4.3.1.3 Ethanol immersed state 
Figure 4.3 shows the electronic absorption spectrum of ethanol-immersed form with a 
comparison of that of the initial state. When the crystal is immersed in ethanol, it shows 
a similar spectrum. Although from the XRD study, as illustrated in Chapter 3, the 
ethanol treated form indicates distorted lattice structure, the effect of the ethanol 
treatment cannot be observed from the spectra.    
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Figure 4.3 Electronic absorption spectrum of ELPC (red) and HLPC (black). 
 
4.3.2 Polarization spectra 
With the single crystal form, polarization spectra of the as-synthesized state were 
measured at different polarization angles (notified by P0, P45, and P90 for 0°, 45°, 
and 90° respectively). The polarization spectra of the as-synthesized state were 
compared with the spectrum measured by natural light, indicating the anisotropic 
optical property, as shown in Figure 4.4. However, due to the loss of single crystal state 
during heat treatment, the intention for measuring the polarization spectra of the 
guest-removed and adsorbed states become fruitless.  
In the case of ethanol treatment, the crystal seems to be able to retain its single crystal 
state in ethanol. Thus, the polarization spectra for the ethanol-treated state were 
measured in a similar manner, as shown in Figure 4.5. However, with increasing of 
immersion time, changes and noises were observed in the spectra, probably due to 
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larger scattering, suggesting that diffusion process also needs to be considered.  
Due to the mentioned problems, these spectra are just presented here without any 
interpretation.  
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Figure 4.4 Polarization spectra of the as-synthesized state HLPC. 
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      Figure 4.5 Polarization spectra of the ethanol-immersed state ELPC. 
 
 
4.3.3 Summary  
As a brief summary about this chapter, usually as to the study about electronic 
transition of a solid state, the most widely used measurement method is the diffuse 
reflectance electronic spectroscopy. It is the easiest also the most ambiguous method. 
This point has been proved by many previous studies. And due to a lot of differing 
distortion of the octahedral geometry, it is hard to be used for unambiguous assignment 
of the structure. For a relative accurate understanding, polarization spectra obtained 
from single crystal form is a powerful technique for obtaining more information as to 
the actual directions of transition moments in transition metal complex. But this method 
largely relies on the quality of single crystals and a clear knowledge of the molecular 
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structure.  
In this study, a single crystal as an initial state is used for the optical absorption study. 
But due to the heat treatment result, the sample loses its single crystal state. As to the 
solvent treatment, distortion of the lattice and also the coordination geometry may occur 
during the immersion, complicating the situation. Besides, the diffusion process needs 
to be considered due to a larger size of single crystals, compared to the size of 
polycrystalline. Therefore, to measure the polarization spectra of ethanol treated form, 
more studies need to be carried out.  
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General Conclusion 
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In the thesis, studies are revolved around a flexible porous MOF material, 
[Cu(bpy)2(BF4)2]n and its unique CO2 gate adsorption behavior, where merits for its 
utilization as advanced adsorbent in selective adsorption of CO2 were imbeded. This 
phenomenon also reflects one of the most important properties of flexible MOFs - guest 
induced dynamic structural transition. For the mentioned application and more 
understandings in the guest-host interaction of flexible MOFs, studies were carried out 
in three aspects.  
In chapter 2, a study about the effects of water exposure on the structure and its CO2 
adsorptivity was carried out in a comparative way between the as-synthesized hydrated 
sample and the rehydrated sample. Slight changes in the thermal stability and the 
morphology were observed. An almost reversible structure change on serious water 
exposure was revealed through in-situ experiments. Despite with an incompletely 
reversed structure after exposure to water, the characteristic CO2 gate adsorption can be 
observed. The study answers a very important concern about the influence of water 
exposure on its possible application.  
In chapter 3, a study about tailoring the gate adsorption behavior of the material 
through solvent treatment is discussed. Solvent treatment induced shift of gate pressure 
was observed, which is related to the presence of trace amount residual solvent 
molecules in the structure. The extent of the shift could also be adjusted through 
pretreatment temperature. The shift in gate pressure is proposed to be a result of the 
change in the relative strength between CO2-layer interactions and layer-layer 
interactions, which are altered by the included solvent molecules of a suitable polarity 
and size, even in the presence of a trace amount. In addition, solvent treatment can 
induce easier dehydration, resulting in a significant reduction in the otherwise needed 
 93
pretreatment temperature.  
In chapter 4, started with a single crystal form of HLPC, an effort to probe the 
structure change in gas adsorption and solvent treatment through optical absorption 
study is described. Unambiguous assignment of the absorption bands was found to be 
difficult due to the inherent properties of d-d transition. For a relative accurate 
understanding, polarization spectra obtained from single crystal form is a powerful 
technique. But factors such as the availability and quality of single crystal and the 
symmetry information of the molecular structures in various concerned conditions are 
so important that far more studies are needed. 
Although numerous MOFs have been synthesized and studies on MOFs are rapidly 
developing in recent decades; they are still a very young class in the family of porous 
materials. In particular, for properties relating with dynamic transitions of flexible 
structures, although understanding on these new phenomena at atomic or electronic 
level are strongly desired, successful examples are very few due to the limitation of 
inherent property of samples, such as the single crystallinity. Besides, due to a great 
verity in the arrangement between metal and ligand, studies in the field are mostly 
carried out in a disperse manner. Therefore, studies in the thesis about the flexible 
Cu-MOF as a typical example exhibiting unique gate adsorption behavior are trivial but 
still contribute to the understandings in MOFs. 
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